Poly(vinylidene fluoride-co-chlorotrifluoroethylene), PVDF-CTFE, membranes were prepared by solvent casting from dimethylformamide, DMF. The preparation conditions involved a systematic variation of polymer/solvent ratio and solvent evaporation temperature. The microstructural variations of the PVDF-CTFE membranes depend on the different regions of the PVDF-CTFE/DMF phase diagram, explained by the Flory-Huggins theory. The effect of the polymer/solvent ratio and solvent evaporation temperature on the morphology, degree of porosity, β-phase content, degree of crystallinity, mechanical, dielectric and piezoelectric properties of the PVDF-CTFE polymer were evaluated. In this binary system, the porous microstructure is attributed to a spinodal decomposition of the liquid-liquid phase separation. For a given polymer/solvent ratio, 20 wt%, and higher evaporation solvent temperature, the β-phase content is around 82% and the piezoelectric coefficient, d33, is -4 pC/N.
INTRODUCTION
Fluoropolymers are a class of polymers with increasing interest due to their wide range of actual and potential applications 1 . In particular, they are being used for aerospace applications 2, 3 , gaskets, seals, petrochemical, automotive, medical and electrical industries 3 , lubricants, thermal insulators, chemically resistant materials, filter membranes and as electrical insulators 2 . Potential applications include energy storage and advanced electronic devices begin explored due to the electroactive properties of some fluoropolymers 4 . Among their most interesting properties are chemical, thermal 2, 3, 5 and electrical stabilities, inertness to acids, high resistance to aging and oxidation 2, 3 , low refractive index, low or no flammability 3 and mechanical strength. On the other hand, some characteristics such as their highly hydrophobic and solvophobic nature leading to poor solubility, wettability and miscibility with other materials, limit their applications in fields such as filtration membranes and medical devices 2 . In this way, strong research efforts have been developed to tune materials properties by varying the chemical compositions and therefore to extend their application range. Fluoropolymers that contain certain functional groups such as tetrafluoroethylene (TFE) and hexafluoropropene (HFP) have been developed by direct copolymerization with functional fluoro-monomers or by modification of fluoropolymers without any functional groups 1, 2, 4, 6 . One of these fluoropolymers is the poly(vinylidene fluoride-cochlorotrifluoroethylene) (PVDF-CTFE) copolymer. PVDF-CTFE copolymers with small VDF content are semicrystalline copolymer with a hexagonal structure 4, 7 . The copolymers with high VDF content (containing 25-70 mol% VDF) are semicrystalline with a monoclinic crystalline structure 4 and can be also obtained in the amorphous state. PVDF-CTFE copolymer shows the [(CH2CF2)x(CF2CFCl)y]n 4,7 chemical structure, the relative CTFE content being critical in determining the copolymer physico-chemical properties 7 . In particular, there is a strong influence on the thermal properties, the glass transition temperature, Tg, ranging from ~ -40 °C (for pure PVDF to 45 °C for PCTFE 7 . Ferroelectric PVDF and its copolymers (PVDF-CTFE) show strong dipolar moments originating from the C-F bonds, the orientation of dipoles in the crystalline phase being responsible for the piezoelectric properties 8 . A high electromechanical response is reported for PVDF-CTFE 4,7 containing 9 and 12 mol.% CTFE 7 and its dielectric permittivity is 13 and dependent on CTFE content. The first applications of PVDF-CTFE were wire and cable covers due to its high flexibility, high elongation and cold impact resistance. Nowadays, this polymer also begins to find applications in membranes for water and organic liquid treatment 1 and non-volatile polymer memories 9 . The pseudo-block structure of PVDF-CTFE offers feasibility for possible grafting modification via atom transfer radical polymerization (ATRP) preserving the high mechanical, thermal and chemical stabilities 5 . Nowadays strong research efforts are being develop on the use of the materials for electrical energy storage [9] [10] [11] [12] , as high energy material 3 and the development of gel electrolyte membranes containing. In particular, its key features for energy storage application are its high ionic conductivity and good compatibility with lithium metal electrodes 6 . CTFE is also used in ternary polymers with VDF and TrFE (trifluoroethylene) or HFP to further tune electromechanical transduction and dielectric permittivity, etc 6, 7, 13 . In the terpolymers, the CTFE units disrupts the sequence length of the crystal, which lowers both the melting and Curie transitions leading to good electromechanical response through the more mobile polar domains 13 . The presence of the chlorine atom in the terpolymers of VDF and TrFE imposes a larger steric hindrance, which favors the (ferroelectric) trans conformation of the polymer backbone 13 . The addition of CTFE to the VDF-HFP copolymer has 3 the effect of increasing the melting point and increasing the amorphous content 6 . Several techniques have been used for the processing of P(VDF-CTFE) membranes, including solution casting 2, 4, 13 , electrospinning 12, 14 and non-solvent induced phase inversion 5 . Terpolymer films have been produced from solvent/non-solvent systems 6 and spin-coating 9 but there is still a need to stablish clear processing-morphology-physical properties relationships for this important copolymer, in particular for the development of polymer membranes. Taking into account the state of art for PVDF-CTFE membranes and the need of understanding and tailoring its microstructure for different of applications, the novelty of this work is the fabrication of PVDF-CTFE membranes by solvent casting from N,N dimethylformamide (DMF), by varying systematically polymer concentration and evaporation temperature along the phase diagram of the polymer/solvent system. Thus, membranes with different microstructures have been obtained with distinct thermal, mechanical, dielectric and piezoelectric properties, suitable for a wide range of applications.
EXPERIMENTAL Materials
Poly(vinylidene fluoride-cochlorotrifluoroethylene) PVDF-CTFE (Solef 31508 with Mw = 270-290 kg/mol; 18.66wt% of CTFE content 15 ) was supplied by Solvay. The solvent N, N-dimethylformamide (DMF, 99.5%) was purchased from Merck.
Membrane preparation
PVDF-CTFE polymer concentration in solution ranged from 5 wt% to 20 wt%, concentration at which the polymer showed already a large viscosity. The polymer was dissolved in DMF at room temperature under constant magnetic stirring until a homogeneous solution was obtained. After polymer dissolution, the solution was placed on a clean glass substrate, spread by blade coating with the thickness of 100 μm and submitted to isothermal evaporation in a temperature range between 25ºC and 200 ºC within an air oven from Binder, ED23 oven. The samples produced were identified as (x CTFE y) where x represent the polymer concentration and y represents the solvent evaporation temperature.
Sample characterization
The morphology of the PVDF-CTFE membranes was obtained by scanning electron microscopy (SEM) (Cambridge, Leica) with an accelerating voltage of 15 kV. Previously the samples were coated with a thin gold layer using a sputter coating (Polaron, model SC502 sputter coater). The porosity of the samples (Ø) was measured by the pycnometer method 16 :
In equation 1 W1 is the weight of the pycnometer filled with ethanol, Ws is the mass of the sample, W2 is the weight after the sample was soaked in ethanol and additional ethanol was added to complete the volume of the pycnometer and W3 is obtained when the sample was removed from the pycnometer and the residual weight of the pycnometer with ethanol was measured. The mean porosity of each membrane was obtained as the average of the values determined in three samples.
Contact angle measurements (sessile drop in dynamic mode) were performed at room temperature in a Data Physics OCA20 device using ultrapure water (3 mL droplets) as the test liquid. At least 3 measurements on each sample were performed in different sample locations and the average contact angle was calculated. Fourier Transformed Infrared spectroscopy (FTIR) was used for the identification of the polymer crystalline phase at room temperature 4 with a Jasco FT/IR-4100. FTIR spectra were collected in attenuated total reflectance mode (ATR) from 4000 to 600 cm -1 after 32 scans with a resolution of 4 cm -1 .
Thermal properties (melting temperature and degree of crystallinity) were determined by differential scanning calorimetry (DSC) with a Mettler Toledo 821e apparatus. The samples were cut from the central region of the membranes, placed in 40 μL crucibles and heated from 25 to 200 ºC at a rate of 10 ºC/min, under a argon atmosphere. Mechanical tests were carried out at room temperature through stress-strain measurements in the tensile mode of a Shimadzu-AG-IS testing instrument at a strain rate of 1mm/min The real part of the dielectric permittivity (ε') and the dielectric losses (tan δ) were obtained at room temperature in the frequency range of 200 Hz to 1 MHz with an applied voltage of 0.5 V. Circular aluminum electrodes of 5 mm diameter were vacuum evaporated onto both sides of each sample. The piezoelectric d 33 coefficients were measured using a d 33 meter APC YE2730A. For determination of the piezoelectric coefficient, the PVDF-CTFE samples were first poled by corona discharge at a controlled temperature inside a home-made corona chamber with the following parameters obtained after process optimization: applied voltage of 8 kV at a constant current of 10 μA; constant distance of 1.5 cm between the sample and the tip; poling time 1 hour, poling temperature at 120 ºC and then cooled to room temperature under the applied electric field 17 .
MESOSCALE SIMULATION
Mesoscopic models based on dynamic density functional were used for describing the phase separation phenomena in the polymer/solvent mixture. 19 . The size of the box was 502x502x32 nm with a number of simulation steps of 2000.
RESULTS

Morphology, degree of porosity and contact angle
The microstructural variations observed through the SEM images obtained from the P(VDF-CTFE/DMF binary system with DMF by varying initial polymer concentration (5 to 20 5 wt%) and solvent evaporation temperature (25ºC to 200ºC) are shown in figure 1 . As a function of initial polymer concentration (figure 1a, 5wt% and 1b, 20wt%) at 25ºC, it is observed a porous morphology formed by sponge-like macrovoids as a result from a precipitation situation dominated by liquidliquid demixing in the phase diagram 20 . This behavior is explained through the phase diagram of the figure 9b, as it will be discussed later. A porous morphology is also observed in the samples prepared after solvent evaporation at 50ºC (figure 1c, 5wt% and 1d, 20wt%) For low solvent evaporation temperatures (25ºC and 50ºC) at a given polymer concentration (5 wt%) -figure 1 a) and c) -the membranes are characterized by a uniformly distributed spherulitic particulate morphology. The particular morphology observed in figures 1 a-d) is ascribed to the relevance of the amorphous fraction in the formation of the membrane at lower crystallization temperatures (25ºC and 50ºC). At these temperatures, the amorphous phase supplies sufficient chain mobility through to reorganize the membrane structure, which is interrupted at the time of polymer vitrification 21 , leading to low values of degree of crystallinity (table 2) . A different microstructure is observed at high solvent evaporation temperatures for the 20wt% sample. As observed in figure 1e and figure 1f) for solvent evaporation at 100ºC and 200ºC, the membranes exhibit a dense morphology as temperature improves the polymer diffusion and the spherulite growth due to increased mobility of the polymer chains, that occupy the free space left by the solvent, giving rise therefore to a dense morphology 22 . The pores observed in figure 1e) for the samples evaporated at 100ºC are the result of the high evaporation rate of the DMF solvent that limits the mobility of polymer chains (see the phase diagram in the discussion section).
FIGURE 1
Surface images of the PVDF-CTFE membranes prepared from the PVDF-CTFE/DMF solution: solvent evaporation at 25ºC for 5 wt% PVDF-CTFE (a) and 20 wt% PVDF-CTFE (b) samples. Solvent evaporation at 50ºC for a 5 wt% PVDF-CTFE (c) and 20 wt% PVDF-CTFE samples (d). Morphologies of the samples with 20 wt% PVDF-CTFE with solvent evaporation at 100 ºC (e) and 200 ºC (f). 7 The morphology observed for the samples evaporated at 200ºC (figure 1f) consist on thick films with just surface pores within spherulites of diameters around 100 μm (insert of figure  1f) . The different morphologies shown in figure 1 are attributed to the initial position of the solution in the phase diagram of the PVDF-CTFE/DMF system (see later, figure 9b). The evaporation temperature of the solvent and the PVDF-CTFE concentration strongly affects the membrane morphology and the degree of porosity (figure 2). Figure 2 represents the degree of porosity of the PVDF-CTFE membranes evaporated at 25ºC as a function of the initial polymer concentration. The degrees of porosity ranges between 70 % and 60 % for all initial polymer concentrations in the solution between 5 and 20 wt%. The explanation of this morphology is the low evaporation temperature, the polymer chains have a reduced mobility hindering the polymer to occupy the free space left by the evaporated solvent 23 . This behavior at 25ºC also is detected for PVDF-CTFE membranes evaporated at 50ºC, the degree of porosity ranging, in this case, between 56 % and 40 % for 5 and 20 wt% of PVDF-CTFE in the initial solution, respectively. The decrease in degree of porosity for PVDF-CTFE membrane evaporated at 50ºC and 100ºC in comparison with sample at 25ºC for a given polymer concentration (e.g. 5 wt%) is due of the increased of solvent evaporation rate and increased polymer chain mobility 24 . For higher solvent evaporation temperature at 200ºC, a thick film is observed with no porosity. It is to notice that the evaporation temperature is above the melting temperature of the copolymer and under this temperature conditions, and different from the other situations, melt crystallizations occurs. The analysis of the hydrophobicity of the membranes is essential to determine their range of applicability. Figure 3 shows the contact angle as a function of initial polymer concentration for the different solvent evaporation temperatures. For PVDF-CTFE membranes evaporated at 25ºC the water contact angle is approximately between 130º and 140 º, independently of the initial polymer concentration. The hydrophobic character observed for these membranes is mainly related to the large pore size and irregular surface 25 . In a general way, the water contact angle degreases with increasing solvent evaporation 8 temperature, as shown in Figure 3 for the 5 w% initial polymer concentration, suffering minor variations with the initial polymer concentration. Thus, for the initial polymer concentration of 5 wt% there is a stong decease of the contact angle from ~140º to ~100º from the samples evaporated at 25 ºC and 200 ºC, respectively (figure 1f). This fact is mainly attributed to the variations in the morphology of the samples 26 , but can also on the polymer phase and therefore the polarity of the polymer chains.
Infrared analysis
Typically PVDF-CTFE polymer with less that 17mol % CTFE content crystallizes in the nonpolar α-phase 27 . The identification and quantification of the crystalline phase of PVDF-CTFE as a function of the initial polymer concentration and solvent evaporation temperature was performed by that correspond to the α crystalline phase, but also the specific band at 838 cm -1 , identifying the β-phase 28 . This fact confirms the coexistence of multiple phases of PVDF-CTFE polymer, as detected through of XRD and DSC, as a function of crystallization condition 30 . The quantification of the crystalline phases present in the samples was performed using the specific bands at 766 cm -1 and 840 cm -1 , identified with the presence of the α-and β-phases, respectively, and following the method explained in 28 . Assuming the samples are composed just by the α and β phases, the β phase content is calculated by: Table 1 shows that the β-phase content decreases with increasing of polymer concentration in the PVDF-CTFE/DMF system for a given solvent evaporation temperature (25ºC) and increases with increasing solvent evaporation temperature for a given initial polymer concentration (20 wt%). The observed behavior is determined by the solvent evaporation rate influencing the PVDF crystalline 31, 32 and also by the inclusion of the CTFE fraction in the PVDF polymer. Concerning of the PVDF-CTFE membranes with different initial polymer concentration evaporated at 25ºC, it was observed a decrease of the β-phase content with increasing initial polymer content up to 10 wt%, remaining then practically constant until the initial polymer concentration of 20 wt% (table 2) in that the inclusion of the CTFE fraction is the factor determining the β-phase content. This behavior also can be explained by the solvent diffusion as initial polymer concentration affects the diffusivity of the solvent and the the evaporation rate is dominated by the solvent diffusion coefficient 32 . For higher polymer concentration of 20wt%, the increase of the β-phase fraction by increasing solvent evaporation temperature is related to the inclusion of CTFE in the PVDF which leads to an oriented packing of the CH2-CF2 dipoles favoring the formation of the β-phase, as reported in 33 .
Thermal and mechanical analysis
The melting behavior and degree of crystallinity of the PVDF-CTFE membranes were determined by differential scanning calorimetry (DSC). The DSC thermographs of the PVDF-CTFE membranes as a function of the initial polymer concentration and solvent evaporation temperature are shown in figure 5a ) and b), respectively. Figure 5 shows in all cases a bimodal peak that represents the melting temperature of the polymer. The bimodal peak with maximum around 166ºC represents the melting temperature of the PVDF-CTFE polymer 5 . Figure 5 and table 2 shows that the maximum melting temperature (164ºC-167ºC) of the PVDF-CTFE membranes not is affected by the solvent evaporation temperature and polymer concentration, within experimental error. The differences observed in the bimodal peak for all PVDF-CTFE is attributed to the increase of lamellae thickness, i.e. the interlamella diffusion of the polymer chains 34 and the coexistence of the two crystalline phases with different crystal types
The degree of crystallinity of the PVDF-CTFE membranes, represented in Table 2 , was obtained by the following equation:
where x is the weight fraction of the α phase, y is the weight fraction of the β phase, (ΔH100%crystalline)α is the melting enthalpy of pure crystalline α-PVDF and (ΔH100%crystalline) β is the melting enthalpy of pure crystalline β-PVDF which is reported to be 93.04 J/g and 103.4 J/g respectively 28 . The degree of crystallinity, table 2, slightly depends on solvent evaporation temperature and initial polymer concentration. For a given solvent evaporation temperature (25ºC), the degree of crystallinity increases slightly with increasing polymer concentration due to increased polymer-polymer interaction during polymer crystallization 35 . On the other hand, for a given initial polymer concentration (20 wt%), the degree of crystallinity decreases with increasing solvent evaporation temperature due to increase crystallization kinetics leading to more defective structures 36 . It has been reported that the degree of crystallinity for PVDF-CTFE with 9wt% CTFE content is around 25%, the degree of crystallinity decreasing with increasing CTFE content in the PVDF-CTFE polymer 4 . The determination of the mechanical properties of the PVDF-CTFE films and membranes is a relevant factor associated to the integrity and safety of the membranes, which is critical in certain applications such as filtration, microelectronics applications and battery separators, among others. Stress/strain curves for the different PVDF-CTFE membranes as a function of initial polymer concentration and solvent evaporation temperature are shown in Figure 6 . The behavior in the stress/strain curve for all PVDF-CTFE membranes is typical for a thermoplastic polymer in which an elastic linear region characterized by the Young modulus (slope of stress-strain in the elastic region at a deformation of 5%) is detected followed by the yielding strain/stress, separating the elastic from the plastic region 37 . 
/ MPa
 / % FIGURE 6 -Stress-strain curves for a) samples prepared after solvent evaporation at T=25 ºC for different initial polymer concentration in the PVDF-CTFE/DMF system and b) samples prepared from 20 wt% PVDF-CTFE initial polymer concentration with solvent evaporation at different temperatures. 12 The mechanical parameters (Young´s modulus, yielding stress/strain) calculated from the data in figure 6 are represented in table 3. Figure 6 and table 3 show that that the Young modulus and yielding stress decrease with increasing polymer concentration at 25ºC. This behavior is fully ascribed to the different porous morphologies of the PVDF-CTFE membranes, as the degree of crystallinity is practically constant for those samples (table 2) . In relation to the effect of the solvent evaporation temperature, both Young modulus, yielding stress and yielding strain are enhanced with increasing solvent evaporation solvent temperature for a given initial polymer concentration: as the solvent temperature increases, the degree of porosity present in the PVDF-CTFE membranes decreases, increasing the mechanical properties.
Dielectric and piezoelectric properties for nonporous films
Technological developments based on the use of electroactive polymers such as PVDF-CTFE are mainly based on its dielectric and piezoelectric properties, in particular for applications as sensors, actuators, electromechanical and acoustic transducers. Figure 7 a) shows the variation of ε' for the PVDF-CTFE membranes evaporated at 200ºC as a function of polymer concentration. These measurements are presented just for the samples prepared under these conditions, as they are processed in the form of thin films and not porous microstructures, which hinder precise electrical characterization. ε' decreases with increasing frequency such as for pure PVDF 38 and the behavior is practically the same between all the samples. The dielectric constant ε' present in the figure 7 a) is correlated and depends on the degree of crystallinity and the crystalline phase of the polymer (tables 1 and 2). The dielectric constant ε' at 1 kHz as a function of polymer concentration represented in figure  7d shows the effect of the crystalline phase and degree of crystallinity in the dielectric behavior. The values of ε' for the PVDF-CTFE films shown in figure 7a ) and 7d) are between the values of the dielectric constant obtained for the PVDF homopolymer in the α, ε'= 7, and β-phases, ε'= 12 38 . The values of ε' for PVDF-CTFE polymer depend on the CTFE content and processing conditions, being reported values up to ε'=15 39 . Figure 7 b) shows the behavior of the tan δ as a function of frequency. Regarding tan δ (figure 7b) for frequencies above 10 4 Hz, the increase in the tan δ is attributed to the αa relaxation process, i,e, micro-brownian movement of the amorphous phase chain segments or movement of crystalline-amorphous interphase chain segments 40 .
13 The real part of the conductivity of the dielectric material can be calculated from the dielectric measurements presented in Figure 6 a) after Equation 3:
where ε0 is the permittivity of free space,
is the angular frequency and
 is the frequency dependent imaginary part of the dielectric permittivity 41 . behavior of all PVDF-CTFE films is the same, the conductivity increasing with increasing frequency (figure 7c)). Normally in the fluorinated polymers (PVDF polymer and its copolymers), the conductivity behavior as a function of frequency shows two regimes, i.e, one regime for lower frequencies up to 10 4 Hz dominated by the dc conductivity and the second for higher frequencies, assigned to the ac conductivity 42. In the figure 7c), for all PVDF-CTFE films, the conductivity increases with increasing of frequency in a similar way.
14 Finally, figure 8 shows the d33 piezoelectric coefficient as a function of polymer concentration after poling conditions optimization. The piezoelectric coefficient d33 is negative and the modulus of the piezoelectric d33 coefficient is practically independent, within experimental error, of the polymer concentration in the PVDF-CTFE/DMF system, as demonstrated in Figure 8 . In 43 it is demonstrated the dependence of the piezoelectric response with the -phase content and it was shown that for -phase contents above 82% the piezoelectric response practically remains constant. The piezoelectric d33 coefficient is around 4pC/N for the sample with the highest β-phase content (20 w%, 82%). The β-phase of the samples is responsible for the piezoelectric properties (-CH 2 CF 2 -) 43 and the degree of crystallinity. In the present case, though large values of electroactive phase are obtained, the low value of the degree of crystallinity in comparison with PVDF (25% to 18% for PVDF-CTFE vs 40% to 55% for PVDF) leads to lower values of the d33 response 44 .
DISCUSSION
The influence of polymer concentration and solvent evaporation temperature in the sample microstructure of the PVDF-CTFE polymer ( figure 1 ) is due to a phase separation process between polymer and solvent illustrated in the phase diagram of the PVDF-CTFE/DMF system (figure 9b). Through of the Flory-Huggins theory based on a lattice model that ignores "free volume", the Gibbs free energy fluctuations in the isothermal evaporation process for binary systems (polymer/solvent) are described by 45 :
where n is the degree of polymerization,  is the polymer volume fraction and 
where R is the gas constant, The Flory-Huggins theory adopted for the calculation is the extended theory that is found in Materials Studio software. The extended Flory-Huggins theory introduces two new issues and combines the Flory-Huggins model and molecular simulation to calculate the miscibility of polymer solutions. The first one, consist on the interaction parameter, taking into consideration also the variation with temperature. The second issue, is an off-lattice calculation, this means that molecules are not distributed as a regular lattice, as they are in the conventional Flory-Huggins theory. The simulation generates thus multiple possible molecular pairs and calculate for each one, the coordination number. These computer simulations are carried out taking into account pair interactions but later there is a normalization process taking into account the interactions with the other molecules within the box. In the calculations, interactions between neighboring cells are also taken into account. More information on these issues can be found in 46, 47 . This extension of the Flory-Huggins model is needed in order to obtain a suitable theoretical representation of the experimental results. The variation of the free energy of mixing (ΔG) as a function of polymer concentration in the PVDF-CTFE/DMF system is shown in figure 9a ) for different evaporation temperature. The miscibility (ΔG < 0) of the system increases with increasing temperature 48 and is affected by specific interactions between polymer and solvent and the polymer molecular weight. This behavior of miscibility is dependent on the polymer concentration for low temperatures and becomes independent of the initial polymer concentration for temperatures above 80ºC. Figure 9b) shows the phase diagram of the PVDF-CTFE/DMF system in which the three main regions -stability, metastability and instability-of the polymer solution are observed. These regions are separated by the binodal and the spinodal lines illustrated in figure 9b ). In this way, the phase separation process of the PVDF-CTFE/DMF system and therefore the resulting sample microstructure can be controlled through the initial polymer concentration and the solvent evaporation temperature. As represented in figure 9a) at 25ºC for the different polymer/solvent ratios, the microstructure formation of the PVDF-CTFE membranes is dominated by nucleation and growth, as samples are located in the metastable region (region between the spinodal and binodal lines). 16 This phase separation process, leading later to morphology formation, is simulated for the PVDF-CTFE/DMF phase diagram at 25ºC in figure 10a ) and b). The simulated phase separation is represented by the color-codes representing the variation of the density on the system (polymer/solvent) in which red represents a higher density and blue a lower density. Thus, simulations at 25 ºC show a microphase separation where the phase separation occurs. The microphase separation (figure 10a) is lower in the more diluted solution and increases with increasing polymer concentration in the PVDF-CTFE/DMF system (figure 10b). Taking this fact into account, the PVDF-CTFE membranes result in final microstructures with different degree of porosity (figure 2). For a given polymer/solvent ratio (20/80) at different solvent temperatures (25 ºC, 50ºC, 100ºC and 100 ºC) the system passes from the metastable region to the one-phase region (homogeneous microstructure) above 100ºC and no porous microstructure is observed ( figure 2 ). This fact is also observed in the simulated initial morphology (figure 10c) and d)).
FIGURE 10
Representation of the PVDF-CTFE structure in the PVDF-CTFE/DMF system at 25ºC for a) 5% of PVDF-CTFE and b) 20% of PVDF-CTFE and at 200ºC for c) 5% of PVDF-CTFE and d) 20% of PVDF-CTFE in the initial solution. The color-code represent the variation of the density on the system (polymer/solvent) in which red represent a higher density a blue a lower density.
For high evaporation temperature (200ºC), independently of the polymer concentration, the sample preparation conditions are located outside the binodal line and no liquid-liquid phase separation is observed ( figure 10c) and  d) ).
Finally, the factor that affects more the phase separation, observed in figure 10 , is the solvent evaporation temperature in comparison with polymer concentration, within the ranges used in the present investigation. The β-phase content, thermal, mechanical, dielectric and piezoelectric properties of PVDF-CTFE samples depend on the initial polymer concentration and solvent evaporation temperature, as shown in figures 4, 5, 6, 7 and 8, respectively. At room temperature, the degree of porosity of PVDF-CTFE membranes depends on the polymer concentration as is illustrated in the figure 2. The β-phase content of PVDF-CTFE membranes depends more on solvent evaporation temperature than on polymer concentration (figure 4). The maximum β-phase fraction (87%) was determined for 20 wt% initial polymer concentration at a solvent evaporation temperature of 100ºC. The differences observed in the degree of crystallinity (values between 15% and 27%) ( figure 4 and table 3 ) for all PVDF-CTFE membranes, are ascribed to the deferral of liquid-liquid demixing process and correlated to the phase separation and solvent evaporation rate influenced by thermodynamic parameters (affinity) and kinetics factors (molar volumes). The Young´s modulus and yielding stress depend on the evaporation solvent temperature and polymer concentration as they are mainly affected by the degree of crystallinity. Finally, the dielectric and piezoelectric properties of PVDF-CTFE membranes are correlated mainly with the β-phase content ( figure 7 and 8, respectively) .
CONCLUSIONS
The influence of polymer/solvent ratio and solvent evaporation temperature in the microstructure and physic-chemical properties of poly(vinylidene fluoride-cochlorotrifluoroethylene) PVDF-CTFE membranes prepared by solvent casting is evaluated.
PVDF-CTFE membranes have been prepared with a wide-range of different morphologies. The porous microstructure of the PVDF-CTFE membranes is attributed to spinodal decomposition of the liquid-liquid phase separation. These microstructures are correlated through the phase diagrams for the binary system (PVDF-CTFE/DMF system) obtained by the Flory-Huggins theory assuming random mixing of chains in the calculation of the entropy and segments in the calculation of the enthalpy. For PVDF-CTFE membranes, the β-phase content, thermal, mechanical, dielectric and piezoelectric properties depends on the initial polymer concentration and solvent evaporation temperature. We argue that PVDF-CTFE membranes with different morphologies, thermal, dielectric and piezoelectric properties are suitable for their use in different applications from sensor and actuator to different membrane technologies.
